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I1.0 1 NIR 0DUC I[I ON

TIli L oh icct Ii thIis- con t rat(-t Wa IS tok LlC 's i gItI , tssi'Tlh It and 11CIi natl 1,1C

I I.l Li , t C (t11n)pa1t i 1)1 L' ! eib r opt it C (:1t 1 1 i nk.

l ie FIi 1)er 1)pt itc C odc cOa 1) 11I. i nk ( FO)CO)!. ) re'st! I t i mig f ro t hI JL 1)rtk gr.11is

opt i mi zed to DNA' s need(s in1 1ndce rg round t i'St ((tI) an Id h1ig tspl I Osi vt' C. l

tL'S t4. No one' s\--teml tam I- i I I a) I I im't'dS , hult th1i S I i nk wi.s d cs i gnt'd to( h:and I k

a I mos t a I I fill teSt and much U(;T c tstL dat a iznd prov i (IC ;I SIbSt anlt i l I ts

saving even over other mulI t iii Iex ing sv'5t efts . I t is ;I (('11t i mt uu" S vs t tf

and So0 is no1t i Mi teCd 1)v rc co rd t ime , meio ry si i eo r (-r i t i ta I I. iting.

I ts compand i ng t eaiture provides good resoltit ion for smallI sinail~s

miinimi iniTg the( need for two channels atL differenL'lt SCins i t i Vi t ieL-s. Add i -

t u Ona I opt ions1- I-r d ig i ta I reCo rd inTg, redlundan t reCcrding o r I oca I s t o r-

aIge con I d be added i n exchange for hi i ghec r pe r t' hann I cos t s.

The program was di1v ided in11to fi1ve ma i n t asks . hey -ar I i St Cd b' l OW

and a re d i scuissed i n the ma in body o f th is report .

I.Svs tem D~e fi1n i t i ton.

I1I. System Sp~ec ifI ica't ionl.

I I I . liardward EvalIuiatLion .

I V. Prototype L.ink AsLernb lv and Eva inat ion.

V. Fabricatlionl of al Second trttot VI)(- 1 lk .

Al I Of these tasks were successfu 1 v complIeted by Efets 0chnol ogx '

I ntorporated (I'T ) The FOCOI. hardware wais dii ivered Apr i 1 1981 wit h

Si-r inI No. 001 going to Bendlix He'j I c Ig ilneer inly,,la Vega-Zs and Siri a

Noi. 0(02 go inrg to the A ir ho rce Weapons lab (N1'1I) ) Albhujlrerq lle, Ne'w MC>le>:

(1 li11C compand log trans fer Funuc tlion is approxi ma tel y logiiritmir
.11 lo(w in grea tecr riso Iut i on fo small sin nI s.

PRmz11L4 PkAQI BL.Am-No? fll4D



2.0 SYSI'EMi I:E IN IT IMN

The 0Irpese e, this task was Iirst to identi t, requirements

Fer a I icld Crmpat ihil, data I ink and then te, re.search rind compaire, preseLnt

tec hnL 1 Ig in t e rms k f these des i red reqti i Iv~mtnt . to .nV rit v a s'.t em

de fin it i on.

2. I sYs I.>E RE. )': I REMENTS

'he tlh Iewii1g is .a lis t 0f the general s'stt'Tl reqtni rement , r a

ficld compat ible I ink based en hetoth the prior fivid test e-:pcri1 ete el

El' I personne il and discussions with l)eft, nse NUc ICtar Agent'V (IDNA) peIrs ,n 1 .

NUMBEIR OF CHANNELS

The cont ract Scope of Vork Statement del i vks t ht sV.stem CaLIhi I i tv

t 0t' t arget ed at aheut 100 VhIMnV I.

SYSTI'EM." BANDWI Dill

Based on resu I t s f rom past 11 igh exp ho, ive (HE) and underground

test; (UGT) (e.g. Diablo Hawl: and iser Bluff, both in 1978) the hand-

width of the systen was chosen to be 20 ki lohertz (kllz) . la If of tIt

t'lanne Is of one liE test were below ( l:Hz and 00 to 90 percent (, ) were

below 20 klz. (I) In the other lie tests all data obtained were below
20 liz. (2) Bandwidth requirements for UCT vary from below 5 kl-Hz to Is

much as hundreds of megahertz (HI-iz); however, a substantial number of

measurements require bandwidths below 20 li-.

ENV I RO)NMENTAL

In defining the environmental requirements for a data link, both

6



the le and UrT test environments wkre Ct onside rid. These requ iremnut s

are generally intended onilv for the transmitter portion o h lihe link

since the receiver can be placed in a more controlled environment.

TEMPERATURE

The liE environment is typicaly a desert area and as such deter-

mines the temperature extremes that the I ink must withstand. The

temperatures typically vary from -20 0 F to about 120*F, depending m

the time of day and year.

HUMIDITY

While the HE environment determines the temperature requirement,

the UGT environment dictates the humidity requirements. This require-

ment is based on the fact that the humidity in the tunnel is usually

80 to 90%.

MOISTURE

This is not a problem in the UGT environment but can become a

problem in the lIE environment due to occasional cloud bursts. It was

decided that instead of weather proofing the transmitter section of

the link, a cover would be required to house such instrumentation and

protect it from moisture.

VIBRATION

The HE environment determines vibration requirements since the

data link must be able to withstand the ground shock. This demands

that the design be ruggedized to prevent loosening of connectors,

components and circuit boards.

(_ I7
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On l~i1kII r* f-ni reiitI I( wil i t1 , li i l I i l, m ist 11 j 1 s t lit I

c i II il t Z \.i - lit lin ws tic WF IMAWL 1( 1w i i inljt I i 11c i is

". Y'S 11KM (:Ai.\AClIKN ISA ICS

I tI I It WI ix)1 ,.V I-LIt I i 1 i l I I,. t 11 11 ii Tki ;I ki tt I i I I'd t i'j I11 i I 1'r

WA!' [)I UtI~cIC htt 1-1 1 I p U tti _ 0 I I .\ 1ltlt11cU I t I- 5 rc L-1, t 1 ii ii '

I. li wo \ c~ n-fl eI- i th t l ic d c un i 1 in o lit ni 1 iot> 11 tt 1s- , .

It- In -s u ( l t i I lo~ ill IAj t coi I ( Ins iw pes i i n 1 t - it ApI I I- ti

is Citpist htws Itn Io- iSt I Ii C~ I tit nini ss in, :lL' . t l

rib~. (Its( is tli t k~t~tisi Iit Iim I Ius 1 ~ tisi i~,t L it ( -'

I i Ik s i Ix I) u ur; ' m i I I- i I .ir :I tri iir i n I ll tI Ijuttnt i n l tp n i i> h

i s i CM Itt Ii i s-01 LtiW'lt 'Ill I ;I t 11( ki to t i t tflI i IdZil'1 I I rE. t h i sd v,.t

Ci 1 1 I tr fiic t or ll'-1 tltt , wtiing t i must1 . ti t ci T~ r 1'1c t ik,(i fltht t iltt t rin(

misen i in.

ApIpIiid t r nox mtn dci nid it ll cmim I is oirustn0111 I ~t -; MissIrt

Il R . I. Mt I I , 1) cIS II I -Ltl ;I t ik t t 1C S t)t\ P. I l Ix I i I ll i iis I ItIi s I t tv

I I ; Cii*IIi5 o t-l, 1 , t t~ i I ; I i Ilk (1t's i YII. lii C0it Ius it s luI rI X tr ,I t n1 is

mTIO I't I iti.4 we rte t lcd I. t lit, t wui I i Ilk tICS i ntis I Ok_ flI i V d in t ;lI ) I. ti d i i t Il

(ICS i Wj )II w I d hi hii i I t 11td i t wonl I (I 11;1%'' t Ilit' I o I I ow' in cluii i t L, r i s
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22. I M-1 I4 tiple) -T r-a-nsmJIss ion

I it gcie ra I , iii It i ) 1 exI i ng ofi (at a save IV('.',' IIMIC-Il- Iec II SC t Ie h an dW Idt 11

0t 1a CII)IL'.- i IICInCrese st I aste than tI Ic i r cost . H Iie I i itis detorm-nined 1),,

ti 11 1LIII h C r o I-cIlIiiiie I- o f d; (IL I a to 0 b)e t rani sin it t e d. 10.aii I s oI ni t i -

I OX in, 11UM iiiaii\ 1LA clianiii I c ma foiund iii tel ephlit applIi cit ions. Mui I t i-

p 0 Ic: in -ffomn '( to 92 chatnclIs, depending oin bandwidth, onto one(.

Cab Ic CwaIs Lhse as Itt ISCIItI O t i h) c wit L1 teLS t neeL'Lds an d w it tI COD)EC ( code r-

de'coder) c i rcn it anItd f i he r op)t i C Capa I )Z11) it h-s

Analog to digita iIconver-sion betore data transmi ss ion was selIected

for sevvra I reasons . F irs t, i )nit : ~t c as es d ata a re d ig i t iZ C(ICVC1 cltINa I IIv

so t le dec is ion was no t to add d igitli conversion hut to peLrformn it ait

an earl icr t ilme . 1)i gi i Imnit l t ip Iex-:inrg a vo ids th11e i t ia I e.x:pense s

anld thfe t ime (consn; ni in g calI i 1)rat LionIs and s et up1 rec in i red b)y aInalIog muIi t i -

p1 Iexeurs . Another advantage is thle relative immiini t of diei ta I signals

to no ise and amp Ii tude I Iuc t at i ons dtiIng t ransm issi on.

').2.3 RealI T-ime- Tr-ansmi s-s-ion

Rea 1 time data transmission was chosen for the 101 lowing reaisons-.

Recording system or l ink failutres arc not I ikelv' to occuir at the inl-I

stant of the shot since they are not in) the shock eiv i ronmnt tinit I

after the data is transmitted. The alternative is local datastre

vi a memories. One disadvantage is that thle:. are siihjec ted to Iiili

scliock IlevelIs whi ich are di f f icil t to dtv ri1m1. Another di sadvant ae is

that for data of thle bandwidths cons idered local memory, is not cost

effect iye . Thus , realI t ime dat a t ran sm issi on provides aI con t 1 nuouis

transmission wh i ch is relative IV "transparent"' tii the user . I t is

treated much as a ConventitonalI cable.

( 10



2.2.4 Fiber Optic Data Transmission

Based on the information presented in Appendix C, the reasons for

choosing fiber optics are the fillowing:

I.) Cost Benefits

When compared with electrical cables (both RG 333 and TSP) the

total cost, including cable and installation, was less for fiber optics.

Table 1 in Appendix C compares fiber optics to electrical cables

without multiplexing. The result of comparing cables with the same

bandwidth capability is that fiber optics is a factor of four less

expensive than electrical cables. The primary reason for this is the

small size of fiber cable which leads to lower installation costs.

Table 2 in Appendix C compares fiber optics to electrical cables when

multiplexing is included. In this case fiber optics is less expensive

than twisted shielded pair (TSP) by a factor of two to three. The cost

benefit over other electrical cables (RG 333 and RG 213) is not as

great. However, it must be remembered that fiber optics is an ermerging

technology and costs are dropping rapidly for both cables and electrical

components. Conversely, coaxial cables are a mature technology and their

costs are continually increasing.

2.) Bandwidth

The bandwidth capability of fiber optic cables (400 MHz) is

much greater than the best of the electrical cables (100 MHz). This

becomes important when considering the transmission of 400 MHz data

which is obtained in EMP experiments. Bandwidth also becomes an im-

portant factor when considering the amount of data that can be multi-

plexed on one cable.

11



3.) Noise Immunity

One of the big advantages over electrical cables is noise im-

munity. Electrical noise pick up and ground problems are important

detrimental factors for electrical cables. However, through the use

of fiber optic cables these problems are eliminated.

12
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based ill), III [lit, svs t eml (it, i i i t i ont deve I oped iit 'Task I ,a .vst enm

Wties i j wsirodried .A Lter i S in was) W nr ladC i 11 1Meet ing wit 11 C.sr

k< C( . Web ( HQ ,lDNA ) and R .Bonnr ( FC , DNA ) to base. th lIeds i gr ()I tilt- d i g tit

l ink onI iAOlEC i rro ilrerIli t S A b lark diaigram (If tite hais i s\ st en: kd i ,,ii

i S -;ILW1 ill FlgUres I arid 2. F ig I Ire 1 prrsCtnlt , hrlt t rairinrIli tt etr aind i ii

tilth' rL'crtiver. AS FiAgUreL I shows, thre anlo1g irriuult s i is I I;i I- 1st '-dfl7t

tlrril :1 irrt i'I~' inc rrnri adte i t ertt in t r e ti i tr

dgi t i zed ho.v thle (0iDiC mni rrowr cuit .Tr irtrr t ic 1i

p rtIV i des" protect. i on f rom elect rOlllagnet iC I nise -siirr-s 'such as' FM1, 1)

i Iit i IgV th volNA It age 1) t IreL i rIp1r11t S i grIIi I to a sal I' r'eI d)Wns t 't In W

cti ri i t rv . The I ow pass t- i I t er is esserit i a I 1-(r e 1 inn illnat i ng 11r1War1i t ed

lIi ghi treqierrcv ( a I i as inlg) Si1 gria I S. TICe bandl(Wi dtLr1 1f chWl ('11:11111C 1

the 01)) s mWas cho1se.n a t a break po int i n cost ve~rsus rd 1)III i dt i1 Wit i ( I

meet s t ie req it i remenitS o f mosL t highi explIos ive tecst dlatai and muchl uic l eaIr

weap~onls ef fIrect s t est dlata.

The system uses CODEC ( code-decoder) m ic roe i rcu i ts wichd haveL

been deve loped for use in tire tel ephonie i udust rv. They are l ow ili cost

arid have been designed for ease !in muiiitplexig. TIies c deLv ices are

arialog to digitl converters with a compand ing transfer fuinct ion,* whie>

results in an over 12 hit resollution at Smnai Isignlals Withr an 8 b)i t WOre-C.

The spec if teat ions for the Ilink arc givyen in lablIe I . The srnp I i ng rate

for one c'hannelI is 16~ kHz and four r e mrie1CI sCeall be SW it clied t oge tirer to

oh ta i n two 32 kHz or one 64 kHiz sanip i ig rate Ciane 1 s . ']ire. corrrespondinrg

bandwidths are 5 kHz ton 20 kHz. A review of tire data fromia t vp i cal

High Explosive test, Misers Bluiff, indicated that 5 kl~z was adequate for

most of tire data and none, including air shock interaction data, was

observed which could not be accommodated by then 20 Uhz capabiity of

( 14



I P IM, WC.1*(1t w pn t1 I rt S I etit i, nhIiSt impI)II ie nd

liwdit cd bv thelk 201 Hlz ( apii I i ty of til- mii Iti-

; w i M, t ress intl (IhV itCe difagnost ic measturements.

* I. I i I, I) t1V i t'S MISid t('1 se I letab Ic banidwidt h.

*Ili., ild 2( k owtever duec to the maximum111

(11 C I A.' r l,11iLtt I S irc- ;ivi i labl it t higher

I resIl ,P, nden-1Ce between baindwidthi and

I i'1 ',tlb itt. it itIs (t chltin' s anti bandwidths (-iln

q,ii I it v '1 t ratisititt ing 92 channels of 5

h. I -it C I t d i V i tietIL i t t t)Ioulr g rou ps t o r mu]I t i -

1 ~ ~ ~ 11- i ti I ii~i) s is ownI tLIit;a buS (lilt o Wit I itl is m1111i i -

I tri t 11,1 tioi 'I he &tla rate' for ti li s bus is

i i' I it i is di i .4i ,1) 11111 t i ie:.: i tgie s M ici otpl islied by aI svnc

t'I_ Wi 1 p t i II " II VCiy r, I n it it j it io Mtsi gnai I t o ea chI o t I h 2 3

Ill )I C i IIIt L Iliel 11 1 It ipl tX illug i s at ('1ii eyedI by t lie group11 mit I t i -

( :r.li t I C it VCce l t te Itour g roup da ta bust"s aI mil ti -

Iii e 1es Ilett it out ta bu )s byv clIock inlg tLhe daita at four times, the daita

rite I'l t.tic' group hits. lii s 12.28 >1BPS -signal is thenl encoded into a

>1itc tstcr ( B ijpli ist-.) Cotde whiichi comb intis dat a antd clIo(ck infoirmtat ion. A

franie svinw is iddd at tlis t ime for tlemuI ti p1tex ing puMrposes . The enctided

s ~i :a~ I is dt'Ii VeredC to thle t iher opt it L rausm itter tons i sing, O1 algh

IttIIi t t i Ti), d jtled (LED)) antII a tl dr i vetr-. Due to the re Iat iVyeiv short ditli s 1acS

requi red byv the dat a I ink, anlEl) canD heI u)Lsed i nstead of the more t rouble -

sonlic laser dIiode. 'Ihe( fiber opt it table enlIoses al 200 .m d ianteLL r gratded

index fiber hay i Ti, much greater bandtwi dthI capabi I i Lv thtan that reqiired

by the 1 2. 28 Mbs etitoded tiatL st ream. 0pt i taI p)ower 1 eve 1 s a t thle

receiver are stifFit'ientI to enable Use Of a) PNN diode rather than1 an1

ava i('lte phtot od i ote. The op~t ita I rete i ver converts thei opt ica sin gi hI ak

to anl elect rica I one . Thte Frame sYnc code is deL t ted anti Utsetd for mai-

taiintg prolper Liming.
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rThe recovured 1 2. 28 MBPS da ta st reani i s tI heni dci oded toI se p arat c c I oc k

and dlat a. The da t a st ream i s then dcmu1 It i p I exed int o t l ie four 3. 07 MBPS

group dat a buses. The grokip dat a buses are- fed t o ie, a ppropr iate COIL

iicroc i rCu its for digit a I tO ailog 10 Conve rsion. The syn1c genera tor

controls the tinming for this operat ion and accomp I iSlies thec task of

dk.mnu iipleXinlg the 23 channels inl each group. The re'sulLint anialog,

signalis are then fil tered before being made ava ilablIe for record ing.

The Iik has an overall sySt em ga i n of one and anl ana log s ignalI range

of ±3 Volts.
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Table I

SYSTEM SPECIFICATIONS

GENERAL

Number of Channels 92 to 20

Sampling Rate 16 KHz to 64 KHz

Tradeoff of Channels 4 channels at a time can be switched
versus Sampling Rate together to give 2 channels at

32 KHz or 1 channel at 64 KHz

Bandwidth D.C. to 0.3 times the sampling rate
for 6 dB attenuation

Resolution 8 bit companding analog to digital
(0.25% resolution near zero)

Data Transmission Rate 12.28 Mbps decodable to 4 each
3.07 I.fbps

Fiber Type Graded index

Electrical to Optical Light emitting diode (LED)
Transducer

Optical to Electrical PIN diode
Transducer

Coding Manchester (Biphase-L): 12.28 Dfbps
NRZ-L: 3.07 Mbps

ELECTRICAL

Power 105 to 125 VAC, 60 Hz,
1.1 amp transmitter
1.0 amp teceiver

Digital Levels TTL

Connectors BNC

Input Impedance, Analog 10K ohms

Input Impedance, Digital 50 ohms

Output Impedance, Analog 300 ohms

Output Impedance, Digital 50 ohms

Sampling Rate - f 16 KHz, 32 KHz or 64 Klz

19



FELECTRICAL (Cont inued

'FreqUCI-cy Response

(D.C. to 0.3 f) +0, -6db

(D.C. tO 0.1 fo) +0, -1()Z

(). C. to 0.03 f +0, -2Z

Resol ut ion 8 bit digital , 55 law compand ing ()

Small Signals + 0.025Z of full Scale or + 0.74 mVolt

Large Signals + 1.6% of full SCale0 or + 47 mVolt

Signals from 17 of Full -+-57 of signal

Scale, to Full Scale

Noise (D.C. to 0.3 f) (Quantizing Noise) + (-'0.5 rnV RM~S)

Noise (D.C. to IM1-z) (Quantizing Noise) + (,5 mV RMS4)

Linearity Less than + quantizing step size

Zero Accuracy 0 ± 5 mV

Voltage Gain I + 17 plus quantizing noise

laxinum Signal. Voltage +2.8vot
-3.0olt

Input Signal Limiter + 6 volts

"Pulse Response Ringing <±10% at 0.3 f

Damping time constant --100 ,sec
Overload Recovery To 17 of full scale within 10 .:sc

after a 100 volt, 10 .sec overload

*.ntialiasing Filter >18 db attenuation at f / 2

IThese specifications can be improved or modified with different input

and/or output filters.

( 1 )Siliconix Telecommunication Data Book, November 1979.
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OPTICAL

Connectors Amphenol 906

Fiber Type Recommended Siecor 122
63 pm core diameter

0.21 numerical aperture
6 db/km attenuation

Cain Margin; Typical

(Depends on the 15 db (compared to a lOm link)
transmitter and receiver
installed and on other
factors)

PHYSICAL DIMENSIONS

19 inch rack width

12.5 inch height

22 inch depth overal L, Transmitter

18.5 inch depth overall, Receiver

21.5 inch depth behind rack mount, Trans;mitter

17 inch depth behind rack mount, Receiver

60 pounds weight, Transmitter

55 pounds weight, Receiver

FNVI RONMENTAL

Transmitter, 0 to 55C

Rec iver, 15 to 30'C

21



Table Il

BANDWIDTH/CHAN'NEL TRADEOFF

Bandwidth Channels

5 KHz 92

10 KHz 44

20 KHz 20

( 22



0 * A-RDWAR-E E'VA-LULA-T 1ON

D~uri ng t he deS igl Stcages.' of tilL datt I ik SeVt'ra I hardwaire r1mpt'ninIt s,

w tre L' Va I (Ult Lit!. E~v I ltiit i OH( fl t C(~ tom1lkltnt ! I( tok t Jle f(1rm o 1f ho t It c( m-

lurison of SperC ifk'hat ionl Ii tt-ratnrc anid, wn possible-, actunal laboratory

est in". The t %-prs tO flpuet S tllhat Were 'va Iluatid fti I into t iVL (',Irt('-

gories:

I .)COolEC micrthi rrn it.,

.) FiIt ers

3.) Fiber opt ir t ransmit ters

F. Fibe r op t i cr rteci ve rs

~.)Fibher opt ic konn ert (,rs

'The( rL'.tl It.- of the evaI I(iat 10o1S are0 presenited in1 fol I lowing s(ert ionls.

Z4. I (:ODEC MICROCITRCUITS

S ince one of the major design goa Is was, to miii mi zr costs , C(I[lfC

mirror i rci its were i livest ijga ted. CODU'C is a ii r t for rod rr-drr LOde r

and these c ircuits were dUeeloped for LIse ill tile' rOMnLin l rt ions indlust, r,.

Trhe ir advantages' inl add itionl to lOW Cost mll~udeL rompaid ing A/I) (analog

tod igital) and D/A (digital to analIog) ron1verters Pins onl-cliip Mulit i-

1) 1 eX in rlk i rCLn i t rv . T1Iie;e- dL'i i r r arc made by se-ve raI mann fartuorers and

a;ill were av. i ab 1e at t hr t iMt oIf t hr ilivCst i gation., .*flt r Crrfn I

comparison, the CO)EC ci rcuits were made bY SilIoron ix for tile tolI I ow i iig

reasons.

1. The enrodC ()C iritg anlld (dIrCod ilg ('Se t ion o S(f t her' i rtiI i t r-V w.tre)1* C~ L'rd

oil Sepa raite c i l po;. T I is be) St f itIS theL neeLds of theI L da Ita I I

S i nle onI i VtiirOi ii~g is pe)LrformeCId at tli htraL i sm ' tt I r andI onl1

dtcodli ng is performed aIt thle ite (iver. TisI -Id!2 to Ioe

chip cj osts sineC til ti rrn ts cotoiining hothi t lIt cIrOdliig 'Id

ditod ing Sect ioins ;iriL More' Cepnlyei. Sillire fLt%,'tr totail , i r-

Ci its aire il)(IVo li po0wer rcqn irt-mctts airt .11so sorWiliat lo wer .
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) Thec Si IIit o Ix c i ron i ts cai h) ope 0ra teLd a It ;a 3 'ib 11 )Sc "

ratLe inlstecad of th n1 om i Ila I I 4 Mb1ps used byv a I I t It(

otL hlers . Th is resulIt s ini a lb iiKx samp Ii iig rats per chliiiii I

and t Isis prov ides a Iti gher banidwidth Ittapab i I i t

3.) T1he dt Coder canl decode Up to Itour ecILodedl cinneI is. TIli is

means that a 65 kl samp I ing rat I canl be accommodated wi th

a ity g of oer 20i ledst -sinlz.dic~

a ingl deodr Thi ledko liilz.adwdhcaaiI

4.) The ci rCiL try is DIOS wich ,I means l ow power d iss ipai onl.

Of t 11051 reason-s, niumbers t wo and tiroeL were Lt(e dce i ding fact or

s Iince n-onei of tit, otheir chit1ps a I I owed that mode, of OpeLrat i on. Al t Ihoughi

a1 iarge fraiction) of tLi dlata require is ss thani a few kilIoliert z r one

i t was fel It important t o of fer Iintcreased baiidwi dt 11 Ciah~i I iv f or tIo

CirCumstaLnces Where it is necessary.

4.2 FILTERS

For any sampled system, ant i-all as 1mg filters are reqlu irLd. III

the present syste m, whe re th roe banidwidth ranges are provi dod, a laIrge

number of f ilters are requ ired.* More' spec ifical iv, seven1 fi I ters we7tre

requ ired onl each coder ci rcuit board inl the t ran"Smi ttOr Th is meaniis

thait the f ilters must be physiclel11y small in order to f it- onl the circuit

hoards. There were two chiices of four pole, filiters ava ilable~ in a s;mail

size. The preferred filteor typeL is a l inea r phase fiilteor whicho has thet

advanitage of alowinig itt IC time delay distort ion. vTeir disadvantaige

is thalt they have a Very s low roll off wit-ii i no reas i ng- frequen ckV. 11n Ior-

tunately, good phase respons.,e and high roil off rate a]re con1f ict-ilug

reqire-ments. I n order to have t he requ ired reject ion at t he samp.l iug

f requency , the 3 dh hatidw idth would have to be abot tI/6 bOf t hO saMp it'

raite or less instead of 1/3.
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I n add it ion, thei possb Ih it v of usii~g swi telied tapat i tor t rainsversiI

f i I t e rs wais inI Vest i ga tCd . TheCse dev ices- are fl0W aiild Of ft r hoth iivery gt md

pha1 Se responISe and fast roll off. Thecy aire effectivel-y 6) 1)t It' fi Itrs

Wilit) en CLuf Ff frequent y i s set by ain ext erna I (- Inck . TItv tan e (, ) w itt l-Iiecd

to a d iffe rent tcutof f f requenc y by c'hang ing t1 leIqthcVof the e'xtte ma I

Li l ok k. Tit is means thla t ol Iy one f i I t eAr per Chann111 I wonil I d he. re~quire-d in-

stead of seven. At the time thait thle link deS ign waIs final [i Zed t Itese di--

V iC c sWere' [lot ava ilablIe in produe tion quani t i is aind thuns iiot tons ide red.

Inst ead of theL above type f1 ters , a f iitcer nuide by, K. R. El Iett roll itcs

wa-s c hosen. The characeor is ties of t-Iiis fi It e r art, that i t has a nonl-

I i ncar phaise respionse and a small (%10/ tove rshioot ). TIhe rol (ittf f char-

$ a~Zc teri sti e is 39 db p~er tic talvc Which al1lows mitre bandwi dth L o be used.

4.3 FIBER OPTIC TRANSMITTER

The f iberopt Le tranlsmitr eons ists of anl LED and a driving ci rcu it

At the t ime that the design was finral ized there were no acceptable trans-

mitter units available which included both the driver and the LED. The

driver for the LED is basically a transistor with a current limiting re-

sistor. A unit made by Fibercom was chosen because of its TTL compatible

rI nut .

Three types of LED's were tested in the laboratory, a pigtailed

type, and lensed type and otne other type. The Laser Diode Labs tyVpe

IRE 100 FB had a fiber tpt ic "pi gtail"' bonded to tthe package' to couple'

out mo~re l igh t. The Spec tron i s SPX 3188-004 con ta ined ai lens bomnded

to thle LED chip for te same. Puposei)5. The Meret MDL 4777 SKPI. t rans-

mi tter LED w:as- bare but- contained anl integral driver circuit.

D~ur ing test ing it was detetrmi ned that the maximum current ftr the,

l~Lastr D)iotde LED), tons is tant with li1ong LED li fe , Was 50 mA average (100 riA peak).

The opticl po~twer oup led intot a fiber was 100 ,1 but only ')-8 IM was

(0(1) id to a 62 1in f iber torte. The I ensed Spec tron its LED (011)1id I 5

and the Mere t OnlIy I.- I M into thle same fiber tore.

The I en1Sed Spec trmtn its LEI) was- 5 I eCt id for use in thle 1link.( 25



4.4 FIBER OPTIC RECEIVER

The f iber optic receiver consists of a PIN photodiode, an ampl if ier,

and a current to voltage converter. The receiver requirements for the data

I ink are:

a) Sensitivity , . 'W

b) Bandwidth -15Mbps RZ, 30 Mbps NRZ

c) Digital output, TTL compatible

Tige units were evaluated, one made by Maxlight (Model 6000), one

by Meret (MDL 4777SKPL) and one by Spectronics (SPX-4141-503). The Max

light receiver sensitivity was 0.5 jiW. The leret ruceiver sensitivitv

was 1.5 .W and the Spectronics was 0.25 pW.

While the Maxlight receiver has been used in the first prototype,

it can no longer be purchased. The receiver made by Spectronics is ai

more recent design and has not been fully tested at this time but it is

being considered for the second prototype.

4.5 FIBER OPTIC CONNECTORS

At evaluation time there were two choices of connectors for small

(62 i) fibers, one made by Amphenol and one by Deutsch. The latter were

more expensive at the time and required a liquid lens. Although the

Deutsch connector has not been fully evaluated, use of the liquid was

felt to be a disadvantage in a field test environment particularlv for

HE tests in desert areas where dust is a problem. The Amphenol conIc-

tors are modified SMA connectors and are somewhat more difficult te

install since they require polishing for good light transmission. One

advantage is their use on a large number of commercial LED's and photo-

detectors. The Amphenol 906 connector was selected.
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Progress is being made on making fiber optic eonlne ctors easier to

insta I 1 and less expensive. DLeutsch has come out with a better connec-

tor which can be installed with a hand tool. These and others should

be evaluated in the future.
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5.0) PROTOTYPE LINK ASSEMBLY AND EVALUATION

A p rot ot Vpe IFiber opt i c dat;, I inIk I w .; a S Scmh I ed and cV~i I na't Cd a t

ETI . A mannia I was wr itt en to d ILscr ihe t IhI( I ink as wk- I I a s prov idt,

operat ing informat ion. A copy of t lie mannalI incluing a fnl I Ist-t of

ci rcuit schemat ics is provide-d ini this sect ion. A nnmht-r oft ts

wu2re' L'onidnr'ted to dc t -rni iil' aIdd it i ona I in formait ion on t lit, ope rait itona I

rhairarter ist i cs of the dat i lnk. vWI' teStS inciudcd elc~trical,

opt ical anid enVironmenItl Ma I esure-ment s. Tilti e I ert rica I measurements

nclIuded frequency response, no0ise, 1 intear ity * zero accuracy, system

gain, pulise resp~onse, over load rterovery and attenuation characteristics,

of the input filter. The optiCaIl p)ower gain margin was measured to deter-

mine the operating range of the f iber opt it' receiver. Several environ-

menttal tests were made including low level vibration and operating tem-

perature range. The results of all theSe evaluat ion tests are listed

in the sys tern sp'c if iCat ion sect ion of the manual
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APPENDIX A

TECHINOLOGY REVIEW
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APPENDIX B

ANALOG /DIGITAL TRADEOFFS
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COST COMPARISON

FIBER OPTICS VS. ELEICTRICA. CABLES IN CIT

Flie purpOse Of this appendix is to demonstrate the cost savings

when using fiber optic cables in place of electrical cables in nuclear

underground tests (U;T). The analvsis is based on current proven

technology. The result is a greater advant age than existed 0y1v a

vear aigo aind is due to price reductions and improved components.

A number 01 costs contribute to the total for a data transmission

system. These are cable, cable installation, cable termination, opticjI

transmitter and receivers, and multiplexers. All costs shown in this

appendix and throughout this document are 19.80 dollars.

Table I shows the comparison of three types of electrical cable

and two fiber optic cables. The first electrical cable is 7/8 inch

(2.2 cm) diameter "foam flex" coaxial calbe RC 333, which is the high-

est bandwidth cable (100 MHz) in general use in t';l'. RC 213 is a lower

bandwidth coaxial cable of about 1 cm diameter. Twisted shilded pair

(TSP) is a balanced line with a 50 kHz bandwidth which is the lowest

bandwidth signal line in general use and is about 0.5 cm in diameter.

A TSP cable with 20 signal lines is used.

The Fiber Optic cable selected is the Siecor type 021 cable to-

taiing 10 fibers or lines. It is 0.8 cm in diameter and is armored

for handling protection. Each fiber has less than 6 db/km attenuation

and a 400 MHz bandwidth Ifr a I km length. Several other fiber optic

tables have similar characteristics. A lower bandwidth fiber optic

table is also considered. A bandwidth of only 100 MHz is considered

fhir direct comparison with RC 333 and to minimize the cost of tile

optical transmitter and receiver. Each line actuallIv has a bandwidth
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of 200 MHz. The two fiber optic cables are the same size. Costs

of the cables are given in line 3 of Table 1.

Cable Installation

In Table 1, the "quantity of lines for equal installation cost"

is the quantity which can be installed in one "down hole" from the

mesa to the tunnel. A cost of $700,000 is used for the total DNA

cost to install these cables from the mesa to the experimenters' alcove.

This cost is based on information obtained from Mr. R. Shirkey, the DNA

Chief of Engineering, FCTC, Field Command Test Construction at the

Nevada Test Site. This cost is equal to the cost of a new cable plant

installed for the EMP pipe on Diablo Hawk. The cost is a little low

since only labor is included and not miscellaneous materials. In

addition, this analysis assumes 100 RG 333 cables or their equivalent

where in the Diablo Iawk EP group only 66 cables were installed, some

being smaller than RG 333. Higher costs, however, would only further

favor fiber optic cables.

Cable Termination

The next cost in the table is for terminating the cables. NTS

estimates are that about 6 ends of RG 333 can have connectors attached

by an electrician in a day and that a day of labor is about $300 in-

cluding overhead. Since the cable is installed in three sections, 6

ends must have connectors attached so $300 per cable is estimated.

Fiber optics are small but when stripped to the bare fiber are fragile

so the same cost as RG 333 is used. $500 for connectors is added for

a total of $800 for fiber optic termination. The cost for electrical

cable termination is included in line 7.
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_Optical Transmitters and Receivers

In the case of the fiber optic links, electrical to opt ical

transmitters and opt ical to e lectrical receivers must be included.

$2,500 is a reasonable estimate per line for the 400 111iz link. For

the 100 1hz link much simpler components and circuits result. in a

$500 cost.

ToLal Cost

The total cost per line in the table is the sum of the costs for

the above components. In order to compare costs on an equal basis,

the cost for a 400 MHz data rat- is tabulated for each cable type.

The cost is also tabulated fou a 20 kltz data rate. These rates cor-

respond to one fast fiber optic and one TSP line, respectively.

For high frequency, non-multiplexed data, the conclusion in

line 12 is that fast fiber optic links are 7 times less expensive

than R(; 333, the nearest electrical competitor. The primary reasons

are the fiber optic large bandwidth and small size (low installation

cost).

Mul ti i -exing

Lines of different bandwidths were compared by using groups of

cables with equal total bandwidth. While this comparison is generally

valid, it must be qualified for special cases. Obtaining fast data

with many slow cables is not practical. 400 Mttz data (as obtained

in EIP experiments) cannot be sent on coaxial cables but can on fiber

Optics. If fiber optics are unavailable, expensive down hole recording

of these data is necessary. Slow data caln, however, he sent ol fast

lines efficiently usin multiplexing. This favors fast lines.
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It is difficult to convert data above 10 MlHz from analog to digital

form and multiplexing data of this bandwidth requires extra design

effort , so making use of the 400 MHz bandwidth of the fiber opt ic link

for slow data will require some added costs. These disadvantages may

compensate to some degree for the advantages of fast links stated in

the preceding paragraph.

To avoid these uncertainties the following comparison is made.

The slow fiber optic link has the same bandwidth so is directly

comparable to the electrical RG 333 and shows a factor of 4 lower

cost which is independent of multiplexing.

Table 2 shows the effects of adding multiplexer costs. All costs

are per 50 kHz data channel. The cost on line 3 for the first level

of multiplexing dominates the analysis. This is because of individual

filters and other components required for each channel. Costs for

higher levels of multiplexing are spread over numerous channels and

so become less significant. Costs for cables are also small compared

to first level multiplexing costs, however cost advantages are shown

for high bandwidths and fiber optics up to the narrow band fiber optic

link.

A factor of 2 to 3 cost advantage is shown in Table 2, line 6

for multiplexing fast cables rather than use of TSP cable. An ad-

ditional disadvantage of TSP is its low noise rejection properties

for which it is difficult to assign a cost.

OTHER CONSIDERATIONS

In all the cost 7igures, it should be remembered that fiber

optics is an emerging technology and prices are dropping rapidly

for both cables and electrical components. For instance the price

of optical fibers has dropped by a factor of -wo in the last year.
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Coaxial cables, on tile other hand, are a mature technology and their

costs are continually increasing.

'The issue of local digital storage of data has been avoided

to save cable costs. This is because this technology applies to

either electrical or optical lines and can reduce, but not eliiminate,

the cost of either. The risks of lost digital memories due to atcoV

collapse or other reasons are always present underground, so trans-

mission of data before this can occur is advisable.

Another often quoted advanLage should be repeated at this time.

Electrical noise pick up and ground problems in the cable are elim-

inated using fiber optics. An effort is being made by DNA to arrive

at a comprehensive grounding and shielding plan which would be simp-

lified by extensive use of fiber optic links.

While the effects of radiation on fibers are not fullv understood,

the radiation levels are insignificant (< I rad) in the alcoves and

other areas proposed for these links.

Other work is needed in the area of fiber termination. At

present, this requires additional personnel training, but equipment and

procedures are improving.

An important point is the successful field demonstrations of

fiber optic links in UGT by LASL and others. Both 500 MHz fast links

for reaction history monitoring, and slow 4 Itllz links have been fielded

successfully, and as a result of these tests the J8 group at LASL in-

tends to transition to all data transmission using fiber optics. This,

and routine use by telephone companies and others, indicates that it

is not a matter of deciding if fiber optics is ready but rather, de-

ciding how DNA can best make the transition.
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When c -os id red l on a cost per unit bandwidth basis, higher

bandwidth and f ibher opt i c cab I es have a d is t i nct advantage. The' greait -

's t advan tage is for mu t i p1 exed l ow fre.quenciky dlata onl f i her optL i c{ tableCs which is Wily theU FODL (fiber optic datai link) was built for this

area. Most of the advanlttge is retained whe-n usinlg mul tiplexing and

e-lectrical cables, whi le a sinai ler but real advantage resu its from

using f i her opt ics on1 non-muIt ip lexed high frequency dlat a.
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APPENDIX D

COMPARISON OF COHPONENTS AND TRANSMISSION METHODS
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